An all-organic Mach-Zehnder waveguide device for volatile solvent sensing is presented. Optical waveguide devices offer a great potential for various applications in sensing and communications due to multiple advantageous properties such as immunity to electromagnetic interference, high efficiency, and low cost and size. One of the most promising areas for applications of photonic systems would be real-time monitoring of various hazardous organic vapor concentrations harmful to human being. The optical waveguide volatile solvent sensor presented here comprises a novel organic material applied as a cladding on an SU-8 waveguide core and can be used for sensing of different vapors such as isopropanol, acetone, and water. It is shown that the reason for the chemical sensing in device is the absorption of vapor into the waveguide cladding which in turn changes the waveguide effective refractive index. The presented waveguide device has small footprint and high sensitivity of the mentioned solvent vapor, particularly that of water. The preparation steps of the device as well as the sensing characteristics are presented and discussed.
Introduction
Investigations into sensors for volatile organic compound detection have grown greatly and are motivated by the number of applications where they can be used, such as in food or chemical industry, electronic noses, or safety concerning toxic ambient conditions. In the last couple of decades, the waveguide photonics has been increasingly used in the measurement technology. A promising area for applications of photonic systems would be sensing of volatile solvents that are highly flammable, which has high reactivity risk and hazardous to human being and ecosystems in chemical manufacturing, civil engineering, and elsewhere [1] . The advantages of optical waveguide sensors are that they are immune to electromagnetic interference, they can be used for remote monitoring, and they are small and have a low weight.
Several different physical effects are employed in gas and organic compound sensing in optical devices [2] . The gas concentration is calculated from the light propagation loss in the waveguide by employing absorption based sensing. [3] [4] [5] [6] . Here, typical waveguide is operated in the mid-infrared range in which absorption peaks for a wide variety of trace gases are located. Such devices require fine optimization as well as expensive light sources and detectors. Another used approach for sensing of various organic molecules in waveguide devices is the Raman spectroscopy [7] . The greatest advantage of such an approach is that it allows identification and quantification of molecules near the waveguide. Unfortunately, due to low Raman scattering cross-sections, the signals are typically weak and require using long optical waveguides.
A widely used effect in chemical sensing is the detection of change of refractive index caused by adsorption onto or absorption into materials [8] . Such refractive index changes cause resonance shifts in devices such as whispering gallery mode resonators [9] [10] [11] , plasmonic devices [12] , hetero-core [13] and hollow-core fiber sensors [14] , and waveguide Mach-Zehnder interferometric (MZI) devices [15] [16] [17] [18] . In all of the previously mentioned examples, the sensitivity is determined not only by the device design, but also by the employed materials. For applications in gas absorption, several different types of materials have been proposed in literature, such as porous SiO2 or TiO 2 glasses [19] [20] [21] and polymers [22] [23] [24] .
In this contribution, we present an all-organic MZI waveguide device comprising novel organic vapor sensing organic material used as a cladding on SU-8 waveguide core. The beneficial properties of similar all-organic waveguide devices include the low cost of production, high sensitivity, and wide spectral bandwidth in the visible spectral range in which cheap detectors can be used, as well as the possibility to prepare the device on a mechanically flexible substrate [25, 26] which is relevant in applications such as wearable photonics [27] . For the developed sensor testing purposes, we have measured its sensitivity to isopropanol (IPA), acetonitrile (AN), dimethylformamide (DMF), and water and acetone vapors. The used solvent vapors are entitled to have different hazards, such as high flammability and influence on human health. The IPA and acetone belong to a group of chemicals that are highly flammable, while human exposure to AN and DMF can cause digestive and nervous system effects. The sensing within the presented optical device is enabled by the properties of used organic material in the cladding. It is porous and thus it may absorb the volatile solvents which in turn change their effective refractive index that can be sensed by the MZI. Yet we also show that using organic materials in the device brings drawbacks such as reduction of sensors sensitivity if used with solvent vapor that dissolves the cladding or core materials. Here the preparation steps, operation principles, sensitivity, waveguide thermo-optic coefficient, and other parameters of developed sensor are discussed.
Experimental setup

Sensor preparation
In advance to sensor preparation, we have carefully considered its design. The MZI sensor would be tested using a He-Ne laser operating at 632.8 nm thus waveguide engineering is done at this wavelength. The design of all-organic MZI waveguide sensor is illustrated in Fig. 1(a) where the sensor top-view as well as the employed waveguide cross-section is shown. The cross-section of the waveguide also includes the calculated mode profile according to parameters discussed below.
The waveguide MZI core is made of SU-8 negative-tone epoxy. One of the MZI arms is purposely made longer by an excess length of L = 8 mm. Such asymmetry enables refractive index variation sensitivity in the device which will be shown later. In top-view in Fig. 1 (a), we also display the introduced tapers of 10-μm width at the input of the device in such way that the light coupling efficiency can be increased to the best of our knowledge. The SU-8 resist is prepared by diluting GM-1075 SU-8 from Gerseltec in gamma-butyrolactone (GBL) in an 1 : 1 mass ratio. Then the prepared solution is spin-coated on a soda lime glass slide at 3000 rpm for 60 s. Afterwards, an MZI waveguide core structure is exposed in SU-8 using a laser writer Heidelberg µPG 101 operating at 375 nm and developed. For proper operation of MZI sensor, it is essential to make the waveguide to operate in a single mode regime to avoid mode interference at the output. Typically, the single mode operation is reached by reducing the dimensions of the waveguide core. After series of experiments, we find that the optimal dimensions of waveguide core are 1.5 μm in width and 0.7 μm in thickness. Narrower waveguides are hard to reproduce with the available optical lithography workflow, and they become exceedingly fragile. The thickness of the waveguides is limited to around 0.7 μm by the spin-coating technique and properties of the resist solution [28] . The refractive index of SU-8 is measured to be 1.589 using the m-line technique. We have used COMSOL Multphysics Wave Optics Module to calculate the effective refractive indexes of modes in the waveguides. The simulations show that SU-8 waveguide with the mentioned dimensions and refractive index can support multiple modes. It is also calculated that in order to ensure that only a single optical mode can propagate through the waveguide MZI, it is necessary to apply a cladding which has the refractive index in the range from 1.559 to that of SU-8. If cladding with such a refractive index is added on the core, the second mode and higher order modes would be located in the cladding and would not be guided through the bends of MZI. The cladding would also have to operate as the gas sensing material. A good candidate for the mentioned application would be the poly(methyl methacrylate) (PMMA) polymer which has previously been reported to be used in gas sensing applications [29, 30] . PMMA refractive index is lower than that of SU-8, and it can be tuned by mixing it with a chromophore [31] . We use a 2-(4-(bis (5,5,5- [32] as the chromophore for refractive index tuning in PMMA. The refractive index of PMMA + DMABI-Ph6 mix grows linearly with an increase of chromophore concentration c expressed in wt% as DMABI-Ph6 and the PMMA + DMABI-Ph6 mass ratio. The refractive index n of cladding as a function of concentration c is experimentally measured to be n = 2.67e-3c + 1.487. According to previously discussed requirements, the waveguide would operate in a single mode regime if c is in the range from 27 wt% to 38 wt%. Fig. 1(b) shows the fraction of mode power in the cladding as a function of DMABI-Ph6 concentration. Here the fractions of mode power in the cladding is expressed as the ratio of power in the cladding P cl and the total mode power P total . The insets of Figure 1 (b) also show the calculated mode profiles. It is expected to have higher sensitivity when the mode is weakly confined. Unfortunately, the light propagation loss in the bends would also be higher for the weakly confined mode. To leverage this trade-off, the DMABI-Ph6 concentration is selected to be at around 32 wt% when half of the mode power is in the PMMA + DMABI-Ph6, and yet it should not leak out significantly while going through the bends. The prepared PMMA + DMABI-Ph6 organic glass is spin-coated at 2000 rpm on the SU-8 waveguides from a chloroform solution. The thickness of the cladding is around 1.2 μm. Afterwards, the lower side of the substrate is cut by a diamond saw and the sample is broken along the cut line. The light can be coupled into the waveguide through the broken waveguide facet without any additional polishing or preparation steps.
The device sensitivity is enabled by the fact that the MZI is prepared asymmetrically. Any changes in the refractive index will cause variation in phase difference Δφ in the MZI arms. This in turn will be transferred to light output intensity variations according to the two beam interference formula where output intensity Iout is a function of cos(Δφ). The induced phase difference can be written as
where eff n  is the effective refractive index change of waveguide mode,  is the light wavelength, and L is the MZI single arm excess length. The change of effective refractive index due to an external interaction P can be calculated as eff eff n n n P n P
where P is the physical parameter that is varied, for example temperature T, solvent concentration C in the atmosphere or other. For the employed waveguides, we calculate the eff / n n   to be around 0.3 [33] .
Sensor testing setup
The sensor testing setup is illustrated in Fig. 2 . We use He-Ne 632.8 nm laser, two mirrors, and a 20x microscope objective to excite the optical mode in the waveguide MZI sensor through the waveguide facet. We have also tried light coupling from a lensed fiber, however, with such coupling the sensor is more sensitive to mechanical noise and therefore is abandoned. The sample is glued with a heat conducting cobalt paste on a Peltier module for temperature stabilization and MZI device tuning when necessary. The temperature stability of the sample is controlled by a PID controller (Arroyo Instruments TECPak 585). At the output of MZI, the light is coupled on a CCD camera (Thorlabs DCC1545M) using 8x microscope objective. During the measurements, the light output intensity is retrieved using a MATLAB code from the camera images recorded at 100 fps. In our setup (shown in Fig. 2 .) for testing the sensor response to organic vapor, we use an N 2 as a carrier gas. N 2 is selected as a chemically neutral gas in order to guarantee repeatable operation conditions throughout the sensor characterization process. A bubbler is used to mix the N 2 with the solvent vapor. The response time and phase change amplitude of the sensor are measured by alternating the gas stream flowing on the sample between the pure N 2 stream (OFF state) and the mixed organic vapor / N 2 stream (ON state). We use a heat exchanger to ensure that the gas flow temperature is the same as room temperature to avoid sample cooling or heating. In the gas delivery system, we use a rotameter to control the gas flow onto to the sample.
The gas flow is set to be 25 ml/s. The solvent concentration in the N 2 gas during mixing is estimated by measuring the weight loss of the solvent in time, which is then used to calculate the consumed gas volume and divided by the overall consumed volume of solvent / N 2 mix on the sample. The described approach on mixing and delivering the gas mix to sample has some important advantages. It is very easy to implement for measuring the response of a free-space coupled optical chip. Moreover, the response time of such a system is short, and thus the sensor detection speed can be evaluated. A major drawback of the approach is that the bubbler system may show fluctuations in test gas generation as reported elsewhere [34] . As shown below, the main cause of error while measuring the sensor response is due to uncertainty of solvent concentration provided by the vapor delivery system.
Results and discussion
Thermal tuning
Initially, the thermal tunability of the device is tested. The sample temperature is increased linearly in time at rate of 0.1 o /s, and simultaneously the light output intensity is measured. The obtained light output intensity is represented by the blue points in Fig. 3 . Using the thermal tuning measurements, we are able to determine the phase change in the MZI as a function of intensity change which is particularly important for performing sensing measurements.
As evident from Fig. 3 , the light output intensity changes in an oscillating manner with maxima I max and minima I min corresponding to constructive and destructive interference, and are indicated with red points. The amplitude of the signal decreases due to thermal detuning indicated by the orange line. This is due to the change in the sample position relative to the coupling spot caused by thermal expansion of substrate, Peltier element, and cobalt paste. From the extreme points in the graph, the phase change as a function of temperature can be calculated. The results are shown in the inset of Fig. 3 . By using phase difference as a function of temperature (see inset) and (2), the thermo-optic coefficient ∂n / ∂T is calculated to be around -3.31e-4 (1/K). Since we cannot determine the sign of thermo-optic coefficient from our measurements, we assume that it is negative. The thermo-optic coefficients in polymers are typically negative due to a decrease in polymer density with an increase in temperature [35] . The calculated thermo-optic coefficient of SU-8 and PMMA + DMABI-Ph6 waveguide is close to that of pure SU-8 which has been reported to be -1.1e-4 (1/K) [36, 37] . With high thermo-optic coefficients of described waveguide materials, they might have application in thermo-optical switches [37] [38] [39] . In further measurements of sensor sensitivity to volatile solvent vapor, the sensor temperature is kept constant at room temperature using a PID controller. 
Volatile solvent vapor sensing
The sensitivity of sensor is tested to various organic vapor-IPA, AN, DMF, water, and acetone. Such solvents are selected due to their different properties, e.g., molecule size, polarity, refractive index, and the sensitivity to which could provide an insight into understanding the sensing mechanism of the sensor.
The polymer that is used as cladding in the sensor has poor solubility in most used solvents except for acetone in which the PMMA-DMABI-Ph6 dissolves very well. In Fig. 4 , as an example of sensor operation, the gas flow induced phase shift in the MZI sensor is shown. Here the ON and OFF states correspond to pure N 2 stream and mixed IPA / N 2 stream, respectively. By using single exponent decay function, the ON and OFF switching times  on and  off are determined.
The sensitivities of MZI waveguide device to different organic solvent vapors are summarized in Table 1 . Here the phase changes Δ induced by solvent vapor volume concentration C along with calculated ON and OFF switching times are displayed. In Table 1 , we have also included the measurement errors. The main cause of the sensitivity measurement error is due to imprecisions of solvent vapor concentration C measurement.
Due to measurement noise during switching, we are not able to determine the switching times for DMF and water cases. From Table 1 , it can be noticed that the sensitivity of the device varies within three orders of magnitude, and the sensor is least sensitive to acetone and has highest sensitivity to water vapor. Since the sensitivity of water in the gas is extremely higher than that of other solvents, we are concerned with the water content, which could be adsorbed from the air in other solvents, would be responsible for sensitivity levels of those gasses. The measured water content in AN is below 0.1% while in IPA, DMF, and acetone, the water content is below 0.05%. Due to such low levels of water content in those solvents, it is safe to say that the measured sensitivity is almost entirely determined by the solvent properties. Several phenomena could account for the sensitivity of sensor to solvent vapor. The sensing could be due to the adsorption of solvent molecules onto surface which induces swelling and hence tension in the waveguide [40] [41] [42] . The tension may cause refractive index change due to stress-optical effect. In such a case, the waveguide sensor should have sensitivity dependence on the cladding thickness, which should be less sensitive for thicker claddings. We therefore make an MZI waveguide sensor with 4.4 μm thick organic glass PMMA + DMABI-Ph6 cladding. The sensitivities and time constants measured in response to water and IPA vapor are the same within the margin of measurement error as for the sample with 1.2 m thick cladding. Thus we propose that the solvent penetration into the waveguide MZI is responsible for causing output intensity variations of the sensor.
As a simple approximation, we propose that the refractive index of the polymer could vary due to absorption of molecules within the free volume and pores of PMMA-DMABI-Ph6 [29] or SU-8 [43] . To distinguish whether the effect is due to solvent absorption in the cladding or core of the waveguide, we have measured the sensitivity of the sensor after heating the sample at 120 ℃ for 30 min. This temperature is above the glass transition temperature of the cladding which is at 80 ℃ [31] , and below the glass transition temperature of the SU-8. In Fig. 5 , the normalized phase change as a function of time for sensor before and after heating is shown. Apparently, the phase change of the preheated sensor at the same influence has reduced by around 60%, which implies that the cladding is responsible for sensing the presence of volatile solvent vapor. Here the OFF state corresponds to pure N2 stream, while the ON state to the mixed IPA / N2 stream.
It
is expected that the spin-coated PMMA+DMABI-Ph6 would be nano-porous since it is made of a highly volatile chloroform solution. The average free volume radius in PMMA has been measured to be just below 0.3 nm [44] . Thus during sensor operation, the free volume and pores would be filled with a vapor with larger refractive index than that of N 2 subsequently increasing the refractive index of cladding and causing phase changes in the MZI. After subjecting the sample to solvent vapor / N 2 mix, the solvent would penetrate into the waveguide material until reaching an equilibrium solvent concentration.
Some studies of solvent molecule penetration in the bulk PMMA while kept saturated solvent vapor [29] or directly in solvent [45] contradict our observations in two aspects. Firstly, the switching time determined by vapor diffusion in our MZI waveguide sensor demonstrated here is in the range of seconds, while studies in bulk suggest diffusion rate to be at the order of nm / min [29, 45] . Secondly, the equilibrium concentration for different solvents in PMMA measured by Ballenger et al. does not correlate with the demonstrated sensor sensitivity [29] . Yet another study in which PMMA is subjected to low concentration vapor supports our hypothesis on volume filling. Matsuguchi et al. demonstrated a capacitive humidity sensor in which gas sorption in micrometer thick PMMA films was shown to take place within seconds [30] .
The solvent equilibrium concentration and diffusion rate in PMMA depend on multiple factors such as the nature of the solvent (poorly, moderately, or strongly hydrogen bonded), its solubility parameter, and size of molecules as identified in the PMMA bulk studies [29] . Yet previous studies in thin films have shown that the solvent penetration rates in PMMA are strongly dependent on the molecule size of solvents [45] , which agrees well with the free volume model [46] . We observe that the experimentally switching time, which is proportional to the diffusion rate, correlates with the molecule size. As seen from Table 1 , the sensor has the fastest response to water and AN. These solvents have small molecules. Yet the switching time is slower for acetone and IPA vapor which have slightly larger molecules than those of water and AN. Equilibrium concentration of solvent in the cladding could also depend on the molecule size. Assuming that there is a distribution of size of pores and free volume, the smaller molecules would be in larger concentrations than the larger ones in the cladding. This is also supported by the previous measurement of nonpreheated and preheated sensor sensitivity shown in Fig. 5 . We attribute the sensitivity decrease of preheated sample to the PMMA + DMABI-Ph6 densification causing the reduction of free volume in the material.
In Fig. 6 , we show the sensitivity of MZI waveguide device to vapor of different organic solvents as a function of solvent molecule radius r calculated using spherical molecule approximation:
where N A is the Avogadro number, M is the molar mass, and ρ is the solvent density. The calculated molecule radius is of the same order as the measured free volume in PMMA [44] . As evident from Fig. 6 , the sensitivity of the sensor reduces exponentially with an increase in the organic vapor molecule size for most of the solvents except IPA and DMF. Obviously, other parameters besides the molecule size could influence the solvent molecule adsorption process, but they will not be further discussed in this paper. These results support the hypothesis that the sensing is due to filling of pores in the polymer by the solvent molecules. For practical applications, it is important to estimate the device sensitivity threshold. The sensitivity threshold can be estimated from the data in Table 1 . If it is assumed that sensitivity threshold is around three times that of obtained error, then it is easy to show that, for example the sensitivity threshold for IPA vapor is around 0.01%. This is of the same order as for commercially available inorganic SnO2 sensors in which the vapor concentration is related to the material resistivity change [47] . Yet, as seen from Table 1 and Fig. 6 , from all of the used gases the sensor is most sensitive to water vapor. The 0.76% water vapor / N 2 mix, which is in relative humidity units, is The sensitivity threshold of demonstrated sensor can be significantly increased by reducing the measurement error. In this work, the main causes of measurement error are the thermal and light coupling stability as well as vapor delivery conditions. The direct vapor flow on the sample causes the relative error to be around 10% of the measured value. Clearly, the relative error would be much less if the sample is tested in a gas chamber, and the waveguide device is packaged.
Aging and recovery measurements
For measuring the aging of the sensor, it is subjected to a constant flow of solvent vapor / N 2 mix for several hours. Occasionally, the sensor sensitivity to that solvent vapor / N 2 mix is measured as described in Section 3.2. In Fig. 7 , the measured phase differences Δ induced by acetone / N 2 and IPA / N 2 are displayed.
The IPA and acetone are selected as representatives of solvents in which the PMMA + DMABI-Ph6 has poor and good solubilities, respectively. We find that the constant IPA / N 2 (C = 3.06%) and acetone / N 2 (C = 13.29%) flow on the device reduces its sensitivity significantly. It can be seen that the device sensitivity reduces almost four-fold in just two hours. This must be due to the adsorption of the solvent in the cladding which results in lower porosity of material and thus lower response to atmosphere change. However, the sensor can "heal" if the solvent is allowed to evaporate from the cladding material. After drying of the sensor in air for 24 hours, the response returns to the previous condition (see Fig. 7 ). 
Conclusions
We have demonstrated the preparation steps and characterization results of an asymmetric all-organic waveguide MZI volatile solvent vapor sensor comprising SU-8 waveguide core and PMMA + DMABI-Ph6 cladding. By using thermal tuning enabled by a Peltier element, we are able to measure the thermo-optic coefficient which is -3.31e-4 (1/K). Because the latter device is very sensitive to temperature variations, thermal stabilization is necessary for the device to be used in practical applications. The thermally stable MZI sensor is subjected to flow of various volatile solvent vapors. We demonstrate that the sensitivity of the device is due to filling the free volume and pores of the waveguide cladding with the volatile solvent vapor. It is shown that the sensitivity of the sensor reduces exponentially with an increase in the solvent vapor molecule size. Unfortunately, the sensor cannot be used for a long period to detect solvents in which the cladding material has good solubility. Due to intercalation of such solvent in the cladding, the material swelling takes place. As a result, it has lower porosity which in turn dramatically lowers the sensor response to atmosphere change.
